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From the very dawn of biological evolution, ATP was selected as a multipurpose energy-storing molecule. Metabolism of ATP required intracellular free Ca 2þ to be set at exceedingly low concentrations, which in turn provided the background for the role of Ca 2þ as a universal signalling molecule. The early-eukaryote life forms also evolved functional compartmentalization and vesicle trafficking, which used Ca 2þ as a universal signalling ion; similarly, Ca 2þ is needed for regulation of ciliary and flagellar beat, amoeboid movement, intracellular transport, as well as of numerous metabolic processes. Thus, during evolution, exploitation of atmospheric oxygen and increasingly efficient ATP production via oxidative phosphorylation by bacterial endosymbionts were a first step for the emergence of complex eukaryotic cells. Simultaneously, Ca 2þ started to be exploited for shortrange signalling, despite restrictions by the preset phosphate-based energy metabolism, when both phosphates and Ca 2þ interfere with each other because of the low solubility of calcium phosphates. The need to keep cytosolic Ca 2þ low forced cells to restrict Ca 2þ signals in space and time and to develop energetically favourable Ca 2þ signalling and Ca 2þ microdomains.
These steps in tandem dominated further evolution. The ATP molecule (often released by Ca 2þ -regulated exocytosis) rapidly grew to be the universal chemical messenger for intercellular communication; ATP effects are mediated by an extended family of purinoceptors often linked to Ca 2þ signalling. Similar to atmospheric oxygen, Ca 2þ must have been reverted from a deleterious agent to a most useful (intra-and extracellular) signalling molecule. Invention of intracellular trafficking further increased the role for Ca 2þ homeostasis that became critical for regulation of cell survival and cell death. Several mutually interdependent effects of Ca 2þ and ATP have been exploited in evolution, thus turning an originally unholy alliance into a fascinating success story. This article is part of the themed issue 'Evolution brings Ca 2þ and ATP together to control life and death'.
Introduction: the early pairing of ATP and Ca 2þ
The course of biological evolution was preordained from the very beginning, when nucleosides become elementary units of genetic code and ATP emerged as a universal energy substrate. These events defined the molecular canvass of living cell and shaped major signalling cascades; however diverse are the living forms, the basic property of life lies in tight control over its internal milieu that has to be compatible with phosphate-based energetics. Of course, our contemplation of the habitat at the dawn of biological evolution is purely speculative, and yet the survival and diversification of all life forms including the most early ones (be these common ancestral progenotes, bacteria or else unknown forms)
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resulted directly from their interaction with the immediate environment. In this interaction, cells used what was readily available to them; and by whatever chance, purines and inorganic phosphates were readily available, and so ATP become central for energy metabolism. The pyrophosphate bonds, phosphorylated nucleosides and ATP most likely occurred during the prebiotic period, being fundamental for subsequent organic evolution and RNA/DNA formation [1, 2] . The exact origin of organic phosphates remains enigmatic -the most exotic under consideration invokes an extraterrestrial source: phosphates have been discovered in meteorites [3] . Of course, even accepting the extraterrestriality of ATP, we still face the question of its genesis, however distal from our planet. Conceptually, nucleotide triphosphates were available for biological evolution from the very early stage because of their requirement for genetic code, first in a RNA world [4] and then for DNA and for translationally active molecules (tRNA, mRNA, etc.). Historically, the pairing of ATP and Ca 2þ could reflect an idiosyncrasy of the primordial alkaline ocean that contained only a minute concentration of Ca 2þ ;
therefore, low Ca 2þ concentration was natural for the cytosol of early organisms. Rapid decrease in ocean alkalinity coincided with a similarly rapid rise in seawater Ca 2þ concentration ([Ca 2þ ]), which arguably could represent the environmental switch that triggered the emergence of complex ion homeostasis, evolutionary diversity and even multicellularity [5] . It should be noted that this hypothesis is by no means accepted by all palaeobiologists, and many believe in a slightly acid primeval ocean containing high Ca 2þ [6] , so the truth is yet to be established.
The natural question is: why ATP, rather than other nucleotide triphosphates? Possible driving factors in eukaryote evolution may reflect the fact that ATP had been preset for energy conservation already in bacteria before Ca 2þ has been established as a signalling molecule; that Ca 2þ stimulates ATP synthesis by activating dehydrogenases of the tricarbonic acid (Krebs) cycle [7] ; and that ATP prevails several fold over GTP, which is formed and used in only one step by transphosphorylation from ATP to GDP [8] . Acquisition of mitochondrial precursors is considered an early and critical step of eukaryote evolution [9, 10] . Formation of an endomembrane system is attributed to the first eukaryotic common ancestor, which emerged in combination with formation of multiple paralogues of molecules dedicated to signalling and trafficking [11] [12] [13] . Production of ATP by mitochondria may have been a prerequisite because it greatly increased energy available for vesicle trafficking, be it for fuelling motor proteins for vesicle transport, for activation of the triple-A ATPase N-ethylmaleimide sensitive factor [14], a SNARE chaperone, or for increasingly sophisticated Ca 2þ regulation. It is of note, however, that binding of ATP and GTP to F1-ATPase is similar [15] . All in all, there are only weak arguments for the selection of ATP, rather than other nucleotide triphosphates, for energy metabolism [16] . In contrast, the high free energy of GTP hydrolysis is proposed to be advantageous in allowing efficient transition from the active to the inactive state, as it occurs with GTPases [17] when they mediate specific vesicle interactions [18, 19] .
Be this all as it may, ATP remains quite a unique molecule, which arguably participates in more chemical reactions than any other compound on the Earth's surface, except water. At the same time, ATP metabolism is highly demanding, being operational only at very low levels of free Ca 2þ . This in turn stipulates that free Ca 2þ inside the cells using ATP for energetics must be exceedingly low; and very low it is set indeed, being, as a rule, around 100 nM [20 -22] . This low Ca 2þ requirement shaped the biological evolution and linked ATP with ion composition of the intracellular milieu, which has minute amounts of Ca 2þ and relatively low concentration of Na þ ; maintaining the ion composition of the cytosol, in turn, became the main energy expenditure of all living cells. Thus, ATP needs control over Ca 2þ and control over Ca 2þ needs ATP, hence making the two an inseparable tandem. Evolution perfected ion-controlling mechanisms and used ion gradients for many purposes, most notably for cellular signalling. Calcium as a signalling ion is employed by the most primitive bacteria [23, 24] and by protozoa [25, 26] before the system of Ca 2þ signalling became highly elaborated in higher eukaryotes. Some bacteria already contain a Ca 2þ -ATPase/pump that is important for Ca 2þ export and bacterial [27] [28] [29] and protozoan [30, 31] survival. Most importantly, all Ca 2þ signalling and homeostatic molecules are controlled by Ca 2þ ions themselves, which imposes multiple feedbacks thus making the system highly versatile and adaptable [32] . Eukaryotic evolution proceeded along with a significant increase in the number of Ca 2þ -binding proteins [33, 34] as well as in the number of signalling and metabolic processes that are regulated by Ca 2þ [20, 35] . Exocytotic SNARE proteins, Ca 2þ signalling and directionality of organelle-specific GTPases must have been early evolutionary achievements maintained throughout eukaryotic kingdoms [11, 36, 37] . Figure 1 gives an overview of the widely branched regulation mechanisms and effects of Ca 2þ that are exerted in cooperation with ATP as an energy source, from normal cell life to programmed cell death (apoptosis). can flow into the cell by influx channels of different types. Rapid downregulation is executed by Ca 2þ -binding proteins (CaBP) and by sequestration mainly into the endoplasmic reticulum (endowed with an organellar Ca 2þ -pump), but also into other organelles, such as cortical stores, the Golgi apparatus, different trafficking organelles and mitochondria. In their inner membrane, mitochondria have available a uniporter for Ca 2þ uptake and a antiporter system for its rapid release. Ca 2þ -release channels, mainly of the type InsP 3 R and RyR, are available in the different organelles. In the endophago/lysosomal trafficking system, such channels can mediate short-range Ca 2þ signalling. Requirement of Ca 2þ is also ascertained for stimulated exocytosis, whereby Ca 2þ may originate from influx and/or release from cortical stores. Regulation of apoptosis (regulated cell death), among a plethora of molecules, involves release of Ca 2þ from the endoplasmic reticulum and release of an 'apoptosis-inducing factor' as well as of cytochrome c from mitochondria. In summary, in the eukaryotic cell, there are many local signalling pathways, with many interactions, for a variety of subcellular processes. [79] . From immobile buffers, including high-capacity/low-affinity binding proteins, Ca 2þ can slowly dissociate to be fed into active transport systems. For primary active transport, the ATP ! ADP system is energetically roughly the same as it would be for pyrophosphatase activity The preference for the ATP ! ADP system can be explained by the requirement of only one energy limiting step for ATP re-synthesis, rather than two for the pyrophosphatase system, whereas the same amount of free energy is available for both [80] . Thus, pyrophosphatase-driven Ca 2þ -sequestration is used only exceptionally, for example in acidocalcisomes of trypanosome parasites [81] . Furthermore, to keep energy expenditure low, Ca 2þ influx and/or release from internal stores is frequently restricted to selective sites. The textbook example is the nerve terminal, where voltage-dependent Ca 2þ -influx channels are restricted to the active zone where transmitter is released by exocytosis [82, 83] . In ciliated protozoa, this type of channels is restricted to cilia [84] . In the central nervous system of mammals and in ciliates, these Ca 2þ channels are inactivated by formation of a Ca 2þ /calmodulin complex [46, 85, 86] [91] and by cyclic adenosine diphosphoribose (cADPR) formed from the glycolytic H þ acceptor NAD [92] .
Some
Both NAD and nicotinamide adenine dinucleotide phosphate (NADP), but probably also PInsP 2 , have been available in early eukaryote evolution-at least the key components [93] and enzymes [94] are found in protozoa. Both channel types, InsP 3 R and RyR, are also predicted by database mining for choanoflagellates [78, 95] . An intermediate form between InsP 3 R and RyR was suggested from the nucleotide sequence in Purkinje cells [96] . Similar to Paramecium, the two types or Ca 2þ -release channels coexist in Ascidian egg cells [97] . In conclusion, there are diverse ways to release Ca 2þ locally by different activators, only some being considered here. Considerable similarities between InsP 3 Rs and RyRs from ciliated protozoa [88] to mammals [98] indicate that both may possibly have evolved from a common ancestral molecule, assembled from six transmembrane domains [38, 89] . Another set of intracellular channels is represented by the TPCs that are members of the voltage-gated ion channel superfamily; the TPCs contain 12 transmembrane domains, being in essence a half of a voltage-gated channel [99 -101] . These channels reside in acidic compartments (which form acidic Ca 2þ stores), notably in the endo/lysosomal compartments and in the plant vacuoles [90, 102] , and are activated by NAADP, derived from the metabolite, NADP [90, 99, 103, 104] . In evolution, TPCs are present in monokonts, from choanoflagellates and the social amoeba Dictyostelium [105] ) to mammals [100] , and in bikonts, from protozoa to green plants [101, 106] . In plants, TPCs can be activated by osmotic stress [107] as well as by Ca 2þ ions (this Ca 2þ -dependent activation contributes to regulation of seed germination and stomatal movement [108] ). Paramecium, which is another bikont, also seems to possesses TPCs [109] . In the parasitic monokont, Trypanosoma, NAADP does not trigger Ca 2þ response in contrast to the bikont apicomplexan parasite Toxoplasma gondii, a relative of ciliates [110] . The T. gondii also possesses a plant-like vacuole and acidocalcisomes, which may bear TPC channels encoded by orthologous genes that are absent in Apicomplexa [106] . Different types of Ca 2þ -release channels frequently coexist within the membrane of Ca 2þ storage organelles [111, 112] . The RyRs and InsP 3 Rs localized in the ER membrane may be functionally linked to TPCs in neighbouring acidic organelles [90,113 -116] ; Ca 2þ release from TPCs can trigger Ca 2þ -induced Ca 2þ release (CICR) [115] . From the fact that InsP 3 Rs and RyRs can be activated by TPC activity, it has been speculatively concluded that TPCs are evolutionarily older than other Ca 2þ -release channels [90] . According to this hypothesis, channels that allegedly emerged later in evolution (i.e. InsP 3 Rs and RyRs) may serve for signal amplification through consecutive channel activation [90, 107, [113] [114] [115] . In addition, NAADP can also activate Ca 2þ -influx through TPCs localized in the plasmalemma [115] , which was confirmed in patch-clamp studies [90] . The TPCs were also proposed to be responsible for topologically restricted Ca 2þ signals, which may locally ignite phosphoinositol turnover, store-operated Ca 2þ entry (SOCE) activity and possibly also cAMP signalling [117] . From a more conventional perspective, Ca 2þ signals arising from TPCs have been considered relevant for membrane fusions along the endolysosomal pathway [118] . For the time being, however, all these effects remain hypothetical. In summary, TPCs are universally distributed in eukaryotes, with the exception of some rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150419 unicellular parasites. Otherwise, however, our knowledge about TPCs remains rather incomplete. Transient receptor potential (TRP) channels owe their name to a phenotype of a Drosophila mutant whose electrical photoreceptor response is abnormally short (i.e. transient). Mammals possess 28 TRP channels classified into six subfamilies: TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPML (mucolipin) and TRPP ( polycystin) [119, 120] . The TRP channels are widely distributed between different cell types and may be present in plasmalemma as well as in endomembranes (with only nucleus and mitochondrion being devoid of them). The TRP channels are strictly cationic with highly variable Ca 2þ permeability; some TRP channels can conduct Mg 2þ [119, 120] . The intracellular TRP channels may mediate Ca 2þ release from the stores; plasmalemmal TRP channels can be linked to intracellular Ca 2þ release through a store-operated mechanism [120] . The TRP channels are broadly distributed throughout many species along the phylogenetic ladder. In protozoa, systematic analysis is scant and assignment to eukaryotic, specifically mammalian types is difficult. For the bikont Paramecium, originally no TRP channel genes had been found [106] , but then three genes were retrieved [121] . Parasitic relatives of Paramecium, Apicomplexa, Toxoplasma gondii and probably also Plasmodium spp. all possess genes encoding TRP channels [106] . Parasitic flagellates Leishmania and Trypanosoma also possess TRP channel, but for all unicellular parasites, molecular characterization is yet to be done [110] . The green flagellate Chlamydomonas reinhardtii contains 19 genes encoding TRP channels [122] , one of which shows considerable similarity to a human form and is localized probably in the flagellar membrane, contributing to sensory transduction [121] . Data mining revealed TRP channels encoding genes in Dictyostelium [121] , where one of the members, PKD2, is localized in the cell surface and governs rheotaxis [123] . Choanoflagellates are endowed with TRP channels genes [124] ; expanded molecular data mining revealed TRPA, TRPC, TRPM, TRPML and TRPV types [78] . Higher plants (viriplantae) apparently do not express TRP channels [122, 125] . There is a crosstalk between intracellular Ca 2þ stores, exemplified, for example, by variable coupling of endoplasmic reticulum and mitochondria [126, 127] [78] that are placed at the basis of metazoans. However, several alternative modes of cell membranecortical store coupling are discussed, for instance by extended synaptotagmins with super-numerary C2 domains [133] which also occur in ciliates [38] . Altogether, SOCE appears to be an evolutionarily old mechanism.
The intracellular Ca 2þ dynamics in the nerve terminal has to be exceptionally fast, in contrast to stimulus -secretion coupling in most other cells where no specific intimate structural and functional coupling exists and where the Ca 2þ response, therefore, is less precise (an obvious example being the difference in vesicular secretion between neurons and neuroglia [134] ). An exception is the ciliate, Paramecium, where a rapidly activated SOCE underlies the fastest known exocytosis of dense core-secretory vesicles important for predator defence [40, 135] . The final target of Ca 2þ during any type of secretion is the C2-domain-bearing protein synaptotagmin, and closely related Ca 2þ -sensors, such as extended synaptotagmin isoforms of which several ( probably with different kinetics) are known [53] . Elaborated Ca 2þ signalling is also required for intracellular trafficking from organelle to organelle, which can be concluded from the distribution of synaptotagmins [136, 137] . The signal may come from the very same trafficking organelles, as they contain Ca 2þ -release channels of different types, including calmodulin-activated phosphatase 2B/calcineurin [152] -an enzyme maintained from protozoa [153] to human, where it is essential for many signalling processes, including longterm potentiation and immune defence [154] [155] [156] . Calcineurin is a true multipurpose enzyme [157] . Nevertheless, in evolution, only one of the two calcineurin subunits is maintained in plants, where it serves for coping with ionic stress [125] . Unfortunately, no data are available for characaean algae placed at the roots of higher plant evolution. The situation with trafficking vesicles deep inside a cell is different because it requires locally restricted and finely tuned Ca 2þ signals.
The availability of synaptotagmin at the surface of vesicles of the endophagolysosomal vesicles [136, 137] and of Ca 2þ in their lumen allows for local signalling and fusion. Conceptually, Ca 2þ ions have to be provided 'at the place', because diffusion from the far remote influx channels at the cell surface would be too inefficient, as Ca 2þ would be trapped on its way through the cell by Ca 2þ -binding proteins.
The Ca 2þ /CaM-activated protein kinase ('CaM kinase') is important for neurotransmission, because it regulates, by phosphorylation of synapsin, the release of vesicles from the actin web, thus facilitating their access to the cell membrane [158] . During evolution, CaM kinase has been maintained only in monokonts from myxamoebae Dictyostelium to man [159] . This is different for bikonts, from ciliates up to viridiplantae, where CaM kinase proper does not exist. Here, Ca 2þ -dependent protein kinases are kinases with integrated CaM-like motifs [125, 160] . The situation is again different for cyclases for cyclic nucleotide formation. These are Ca 2þ -dependent enzymes from ciliates [161, 162] to humans [163] . Thus, via cyclases, cyclic nucleotideactivated protein kinases at the end of a signalling cascade also depend (indirectly) on Ca 2þ .
The multiple ways in which Ca 2þ -dependent cell motility is regulated are well characterized. The Ca 2þ -sensitive molecules involve severing proteins (gelsolin), actin bundling proteins (caldesmon), troponin, etc. In muscle cells, Ca 2þ binds to troponin C; the resulting conformational change of the troponin-tropomyosin complex allows the interaction of the myosin head with the actin filaments, which causes cell contraction by tilting of the myosin [164] . During stimuluscontraction coupling, this movement from molecular to macroscopic scale is fuelled by ATP hydrolysis. Ca 2þ exerts pleiotropic effects on ciliary activity, especially in ciliated protozoa. The availability of a minimum of cytosolic ionized Ca 2þ is required for ciliary/flagellar activity [165] , which can be further modulated by Ca 2þ [166] . In ciliates, normal ciliary beat depends on Ca 2þ [165] , as does any change in beat activity. For instance, ciliary beat is reversed when intraciliary [Ca 2þ ] increases by activation of voltage-gated Ca 2þ channels, as described for ciliated protozoa [166] , and in ctenophores (comb jellies). In both systems, these channels are restricted to the cilia [84, 167] . In ciliates, Ca 2þ mediates dynein subunit phosphorylation by Ca 2þ followed by calmodulin [168] ; this type of regulation appears to be absent in cilia at a higher evolutionary level. In ciliates, the Ca 2þ -regulatory mechanism involves activation of a cGMP-activated protein kinase [169] formed by a Ca 2þ -dependent cyclase [170] . It also should be mentioned that many basic metabolic processes, such as glycogen turnover, are regulated by Ca 2þ . In metazoans, the same is true of intercellular communication through gap junctions (which close when [Ca 2þ ] rises in the cytosol [171] ). This may contribute to epigenetic effects achieved during evolution by non-structural RNA species, which can be transferred from one cell to another, thus harmonizing tissues. Intimate links between ATP and Ca 2þ are observed in mitochondria [172, 173] . Mitochondrial Ca 2þ is connected with ATP production through stimulation of some mitochondrial dehydrogenases [7] , of oxidative phosphorylation [174] and of ATP synthase [175] . This requires rapid crosstalk between the cytosol and the organelle. The key player is the mitochondrial calcium uniporter (MCU) for rapid Ca 2þ influx [176, 177] ; the MCU and its regulators are present at the protozoan level. An MCU-encoding gene is found in Trypanosoma [31] . Paramecium also possesses MCU and associated MIUC protein, as well as the MCU regulator, EMRE [176, 178] . Accordingly, in Paramecium, during synchronous exocytosis, Ca 2þ rapidly (on a subsecond time scale) flushes into mitochondria; most of the Ca 2þ , however, is released back into the cytosol within seconds, with only a minor fraction remaining in the organelle [109, 179] . Mitochondrial exchangers, H þ /Ca 2þ and Na þ /Ca 2þ (NCLX) are known in higher eukaryotes [172, 173] , but they have not been identified in protozoa.
Ca 2þ as a regulator of programmed cell death
In mammalian cells, apoptosis is triggered by release of Ca 2þ from the endoplasmic reticulum, influx of Ca 2þ into mitochondria [180] and release of cytochrome c, parallelled by a rise in [Ca 2þ ] i , and further Ca 2þ entry into mitochondria. A protease (caspase) cascade is activated and DNA is cut to nucleosomesize fragments (or multiples, called DNA ladder). Breakdown of subcellular structures, autophagy and phagocytosis of cell fragments [181] are additional events. Altogether, there are multiple effects of Ca 2þ during apoptosis in mammalian cells [182] , and mitochondria, before degeneration, play a key role in this process [183] . Toxic levels of [Ca 2þ ] and failure of energy supply in conjunction with cytochrome c release [183] , functional and structural disturbance of mitochondria and phagocytosis are final events. Some molecules pertinent to apoptosis can be encountered already in unikont protists, such as choanoflagellates [184] . In bikont protists, such as ciliates, the macronucleus (equivalent to the soma, as opposed to the generative micronucleus), rather than the whole cell, is degraded in a process called 'nuclear death' [185] . This includes DNA fragmentation and autophagy of mitochondria, although the role for ATP and Ca 2þ remain unsettled. The apoptotic stratagem is only slightly more complex in lower metazoans [186] , including secondary reduction of the process in the nematode C. elegans [184] . Altogether, many important details of apoptosis at the roots of unikonts and bikonts are not yet well understood, as summarized recently [187] . It appears that these crucial aspects of apoptosis, including mitochondrial function and involvement of Ca 2þ , have only successively evolved in the course of metazoan evolution. concentration of ATP is set at approximately 1-5-10 mM, whereas the extracellular concentration does not exceed 1-10 nM creating thus a difference of approximately 1 million times. An extremely low concentration of extracellular ATP results from constant operation of ectonucleotidases [188] , which degrade ATP to ADP, AMP and adenosine. This ATP degrading system has ancient evolutionary roots, being present in bacteria, in early eukaryotes and in protists [188] [189] [190] . The steep concentration gradient favours ATP exit upon opening of transmembrane pores and following plasmalemmal damage; it should not be surprising therefore, that evolution rapidly began to use ATP as an intercellular signalling molecule. Already some prokaryotes are known to release ATP, which could be used for intercellular communications [191] , whereas the plasmalemmal channels-mediated ATP release is described in polyphenic fungi, type Candida albicans [192] . Biological effects of extracellular ATP are many, and they are widespread throughout virtually all life forms [190] . In prokaryotes, exposure to ATP affects bacterial growth and development, sporulation and germination, changes ion fluxes and alters gene expression [193 -196] . In protozoans, extracellular ATP controls multiple responses; in social amoeba, Dictyostelium discoideum, ATP inhibits amoeboid movement, and triggers depolarization and Ca 2þ influx; in the ciliates, Paramecium and Tetrahymena, ATP induces avoidance reactions through altering the rate of cilia beating and swimming [47] ; in Trypanosoma cruzi, ATP induces parasitosis [193] . Purinergic signalling operates in all kingdoms of life, in plants, in fungi and in animals [190, 197, 198] . Chemical signalling by ATP, adenine nucleotides and adenosine is present in various forms virtually in all organisms and contributes to a wide variety of functions, from food detection ( purinoceptors are an important part of food search behaviour in crustaceans such as lobsters and in insects such as mosquitoes [199, 200] ) to neurotransmission [201] . ATPmediated transmission is operative in most (if not in all) organs and systems in vertebrates [197] . At the molecular level, purinergic chemical transmission is mediated by several systems responsible for transmitter release, and by specific plasmalemmal purinoceptors. Purinergic receptors are represented by: (i) ionotropic P2X receptors that are ATP-gated cationic plasmalemmal channels [202, 203] and (ii) by metabotropic, G-protein-coupled seven-transmembrane receptors classified as P1 adenosine receptors, P2Y nucleotide (ATP, ADP, UTP, UDP and UDPsugar) receptors and P0 adenine receptors [204, 205] . The ATP-gated ion channels are similar in their architecture to P2X receptors, and had appeared already in protozoa; hitherto, P2X receptors have been identified and characterized in D. discoideum, in the marine green alga Ostreococcus tauri, in the choanoflagellate Monosiga brevicollis, in trematode Schistosoma mansoni and in a tardigrade Hypsibius dujardini [206] [207] [208] [209] [210] . The P2X receptors retain their structure throughout evolution, being composed of three subunits with each subunit containing two transmembrane domains.
Purinergic metabotropic receptors generally emerged at later evolutionary stages. Although the rather unique cAMP metabotropic receptors (defined as CAR1-4) are present in D. discoideum [211] , the proper metabotropic purinoceptors appeared later. The most evolutionarily ancient adenosine receptors were identified in the sea anemone Nematostella vectensis, and they are abundant in insects, in bivalves (mussels) and in echinoderms [212] . The P2Y metabotropic receptors seem to emerge in vertebrates: the earliest homologues have been found in sharks and skate, Raja erinacea [213] . The evolutionary roots of P0 adenine receptors are unknown; these have been cloned only from mouse and hamster [205] .
Release of ATP seems to be a common feature of life forms, and it has been identified in the earliest life forms: ATP is secreted by bacteria, by protozoa, by yeasts and plants, and by many types of cells in all multicellular animals [193] . The pathways for ATP release are represented by (i) transmembrane diffusion via ATP-permeable channels; (ii) active transport; and (iii) exocytosis [214, 215] . Arguably, diffusional ATP release that uses plasmalemmal ion (usually anion) channels or unpaired hemichannels of connexin and innexin family, or pannexins (which though related to connexins/innexins do not form gap junctional channels and hence cannot be properly called hemichannels; there are indications that pannexins act as anion channels [216] ) is the most ancient and general mechanism; indeed, diffusional ATP release is found throughout phylogeny and is present in many types of cells in mammals, from kidney and osteoclasts to neurons and neuroglia [134, [217] [218] [219] [220] . Active plasmalemmal transport of ATP is associated with ABC transporters that are expressed already in protists [221] . Finally, exocytotic ATP release that uses vesicles bearing specific nucleotide transports (VNUT/SLC17A9) allows spatially restricted and tightly regulated ATP release characteristic for nervous system, the VNUT-bearing vesicles are found in invertebrates and characterized in the nematode C. elegans, in sea anemone, in sea urchin and in some insects [222, 223] ; they are present in vertebrates, where they are expressed in various tissues including the brain [215] .
In Metabotropic purinoceptors are distributed even more abundantly than P2X channels; the P2Y receptors and A1 adenosine receptors are expressed virtually in every cell type in mammals [197, 235] . In many cells, these receptors are coupled, via several G proteins, to phospholipase C that produces InsP 3 and initiates Ca 2þ release from the endoplasmic reticulum. The ATP-induced Ca 2þ signalling mediated through the metabotropic route seems to be almost universal in non-excitable cells, being present in immune cells [236] , in neuroglia [237] , in kidney [238] , in cells of urinary tract [239] , in skin, bone and cartilages [240] , in endocrine glands [241] , etc. The P2Y receptors and their downstream Ca 2þ signalling can be activated not only by ATP, but also by other nucleotides including ADP, UTP, UDP and UDP-glucose [242, 243] . The adenosine-mediated signalling and A1 receptors are similarly widely distributed, being abundant in the nervous system, in the heart, in the lungs, in the blood vessels and so on [244 -246] 
